Endothelial cells (ECs) sense shear stress and transduce blood flow information into functional responses that play important roles in vascular homeostasis and pathophysiology. A unique feature of shear-stress-sensing is the involvement of many different types of membrane-bound molecules, including receptors, ion channels, and adhesion proteins, but the mechanisms remain unknown. Because cell membrane properties affect the activities of membrane-bound proteins, shear stress may activate various membrane-bound molecules by altering the physical properties of EC membranes. To determine how shear stress influences the cell membrane, cultured ECs were exposed to shear stress and examined for changes in membrane lipid order and fluidity by Laurdan two-photon imaging and FRAP measurements. Upon shear stress stimulation, the lipid order of EC membranes rapidly decreased in an intensity-dependent manner, and caveolar membrane domains changed from the liquid-ordered state to the liquid-disordered state. Notably, a similar decrease in lipid order occurred when the artificial membranes of giant unilamellar vesicles were exposed to shear stress, suggesting that this is a physical phenomenon. Membrane fluidity increased over the entire EC membranes in response to shear stress. Addition of cholesterol to ECs abolished the effects of shear stress on membrane lipid order and fluidity and markedly suppressed ATP release, which is a well-known EC response to shear stress and is involved in shear-stress Ca 2+ signaling. These findings indicate that EC membranes directly respond to shear stress by rapidly decreasing their lipid phase order and increasing their fluidity; these changes may be linked to shear-stress-sensing and response mechanisms.
Introduction
The vascular endothelial cells (ECs) that line the inner surface of blood vessels are constantly exposed to shear stress, a mechanical force generated by flowing blood.
ECs respond to shear stress by changing their morphology, functions, and gene expression, and these EC responses play important roles in maintaining the homeostasis of the circulatory system, including in controlling blood pressure, blood flow-dependent vasodilation, and vascular remodeling (Ando and Yamamoto, 2009 ). Impairment of EC responses to shear stress leads to a variety of vascular diseases, including hypertension, aortic aneurysms, and atherosclerosis (Gimbrone, 1999; Yamamoto et al., 2006) , however, how ECs sense shear stress as a signal and transmit it into the cell interior remains largely unknown (Davies, 1995) . Previous work has revealed that shear-stress-sensing is mediated by rapid activation of various membrane molecules and microdomains, including ion channels (Gautam et al., 2006; Olesen et al., 1988; Yamamoto et al., 2000) , growth factor receptors (Jin et al., 2003; Shay-Salit et al., 2002) , G protein-coupling receptors (Chachisvilis et al., 2006) , caveolae (Yu et al., 2006) , adhesion proteins (Osawa et al., 2002; Tzima et al., 2005) , the cytoskeleton (Ingber, 1997), the glycocalyx (Florian et al., 2003) , and primary cilia (Nauli et al., 2008) , and these findings suggested the presence of mechanisms by which shear stress is able to activate a variety of membrane molecules and microdomains almost simultaneously. Since changes in the physical properties of the plasma membrane have been shown to affect the activity of membrane molecules (Borroni et al., 2007; Gudi et al., 1998; Phillips et al., 2009) , it has been hypothesized that the EC membrane itself plays a crucial role in the mechanisms responsible for shear-stress-sensing.
Although EC membrane fluidity has been demonstrated to increase under flow conditions (Butler et al., 2001; Haidekker et al., 2000) , the influences that shear stress exert on the physical properties of the plasma membrane are not fully understood.
shear stress
When ECs were exposed to shear stress of different intensity, ranging from 5 dynes/cm 2 to 20 dynes/cm 2 , the GP values in the high-GP regions decreased in an intensity-dependent manner, whereas the GP values in the low-GP regions decreased in an intensity-dependent manner until reaching 10 dynes/cm 2 (Fig. 2C) . The GP values of the EC membranes decreased repeatedly in response to repeated application of shear stress (Fig. 2D ).
In flow-loading experiments, ECs are subjected not only to shear stress but to pressure that exerts a compressive force on the cell membrane. To determine whether the pressure affected the membrane lipid order, we applied hydrostatic pressure to ECs under no-flow conditions. The hydrostatic pressure alone had no effect on the GP values in either the high-GP or the low-GP regions, but when the same cells were exposed to shear stress, the GP values in both regions clearly decreased (Fig. 2E ).
This finding means that the flow-induced decrease in membrane lipid order was attributable to shear stress and not to pressure.
The lipid order of artificial membranes decreases in response to shear stress
Laurdan-labeled GUVs that had attached to a poly(L-lysine)-coated coverglass were exposed to shear stress and examined for changes in the lipid order of the artificial lipid bilayer membranes. The Laurdan images and GP histograms of the GUVs showed a heterogeneous distribution of GP values across the membrane surface (Fig. 3A, B) .
The heterogeneity seems to be attributable to phase separation between the liquid-ordered phase and liquid-disordered phase, and the high-GP regions appear to represent lipid-ordered membrane regions, not caveolar domains. Upon shear stress stimulation, membrane lipid order decreased over the entire membrane, and the extent of the high-GP regions diminished (Fig. 3C ). The temporal changes in lipid order were quantified by placing ROIs in the high-GP regions and the low-GP regions. The GP values in both regions began to decrease immediately after the application of shear stress and continued to decrease with time, and they remained at the decreased levels even after the cessation of shear stress (Fig. 3D) . The data obtained from many GUVs confirmed that shear stress decreases lipid order in both high-GP and low-GP regions Journal of Cell Science Accepted manuscript (Fig. 3E ). These findings suggest that the lipid order response to shear stress occurs in artificial membranes as well as in the plasma membranes of living cells.
Shear stress increases membrane fluidity in ECs
Membrane fluidity is related to the mobility of membrane proteins within the lipid bilayer and has been used to assess the physical properties of plasma membranes. To investigate the effects of shear stress on membrane fluidity, FRAP measurements were made when ECs were exposed to shear stress. FRAP measurements were made after Laurdan imaging, and the cells were then immunostained with a caveolin-1 antibody (Fig. 4A ). ROIs were placed in the DiI fluorescent images by referring to the Laurdan image, and ROI-1 was set in a high-GP region and ROI-2 in a low-GP region. The FRAP curves obtained under static conditions showed that fluorescence recovery in the high-GP region was significantly slower than in the low-GP region (Fig. 4B ), indicating that membrane fluidity is relatively low in high-GP regions. Application of shear stress clearly accelerated fluorescence recovery in both regions. Calculation of diffusion coefficients based on the FRAP curves showed that shear stress significantly increased the membrane fluidity in both regions of the EC membranes (Fig. 4C ).
We then examined how membrane-fluidity-modifying agents, such as cholesterol and benzyl alcohol, influence membrane fluidity and lipid order in HPAECs.
Addition of cholesterol to ECs decreased the diffusion coefficients in both regions, whereas treatment with benzyl alcohol increased them in both regions (Fig. 4C ).
These findings indicated that EC membrane fluidity is sensitive to shear stress as well as to membrane-fluidity-modifying agents such as benzyl alcohol and cholesterol.
Membrane lipid order affects EC responses to shear stress
Laurdan imaging showed that the addition of cholesterol to ECs increased the membrane lipid order in both the high-GP regions and the low-GP regions under static conditions, whereas benzyl alcohol decreased it in both regions (Fig.4D ). The addition of cholesterol almost completely blocked the shear stress-induced decrease in lipid order. To determine whether changes in the membrane lipid order influence EC responses to shear stress, HPAECs that had been treated or not treated with cholesterol were exposed to shear stress and examined for ATP release, a well-known EC response
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to shear stress that is involved in Ca 2+ signaling of shear stress (Milner et al., 1990; Yamamoto et al., 2003) . The amount of ATP released by ECs was measured by means of a luciferin-luciferase assay. ECs released ATP dose-dependently in response to shear stress, and the responses were markedly suppressed by treating cells with cholesterol ( Fig. 4E) , suggesting that the degree of membrane lipid order affects EC responses to shear stress.
Discussion
The results of the present study demonstrated that shear stress alters the physical 
Materials and Methods
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Cell culture
Human pulmonary artery ECs (HPAECs) were obtained from Clonetics and grown on a 1% gelatin-coated tissue culture flask in M199 supplemented with 15% FBS, 2 mM L-glutamine (Gibco), 50 µg/ml heparin, and 30 µg/ml EC growth factor (Becton Dickinson). The cells used in the experiments conducted in this study were in the 7th and 10th passage.
Flow-loading experiments
A parallel-plate-type apparatus (FCS2, Bioptechs) was used to apply laminar shear stress to the cells, as previously described (Yamamoto et al., 2011) . Briefly, the flow chamber consisted of a 1% gelatin-coated coverglass on which the cultured HPAECs rested on one side, and a glass plate on the other side, and their flat surfaces were held 200 µm apart with a Teflon TM gasket. The chamber had an entrance and an exit for the medium, and the entrance was connected to a reservoir by a silicon tube. The medium was perfused by a roller/tube pump, and the closed entire circuit was strictly kept at 37 °C. (The flow chamber, the reservoir, and the connecting tube were adjusted to 37 ± 0.2 °C by using the temperature controller (FCS2), the cord heater (CRX-4, Tokyo Giken In., Tokyo, Japan), and the polyurethane coil tube through which the water of 37°C was perfused, respectively.) The intensity of the shear stress (τ, dynes/cm 2 ) acting on the EC layer was calculated by using the formula: τ = 6µQ/a 2 b, where µ is the viscosity of the perfusate (poise), Q is the flow volume (mL/s), and a and b are the cross-sectional dimensions of the flow path (cm).
lipid film, and the thin lipid film was subsequently dried in a vacuum for 10 hours.
The thin film was then hydrated at 65ºC by introducing water-saturated N 2 gas for 20 minutes. A 5 mL volume of prewarmed >18MΩ cm water that had been N 2 purged was gently added, and the flask was incubated at 65ºC overnight to produce
GUVs. The suspension containing GUVs was slowly cooled to room temperature (23ºC) over a 10-hour period. The GUVs were applied to a coverglass coated with 0.1% (w/v) poly (L-lysine) (Sigma) solution, and then were incubated for 30 minutes at room temperature to attach them to the coverglass. The GUVs were exposed to shear stress in the FCS2 chamber at 23ºC and examined by Laurdan imaging.
Laurdan two-photon microscopy
HPAECs growing on coverglasses were incubated for 30 minutes at 37°C in culture medium containing 10 µM Laurdan dye (Molecular Probes) under a gas mixture of 95% air-5% CO 2 . After rinsing the cell monolayer with HBSS, the coverglass was placed 
